r Learning and memory storage requires neuronal plasticity induced in the hippocampus and other related brain areas, and this process is thought to rely on synchronized activity in neural networks.
Introduction
Memory acquisition and consolidation depends on learning-induced neuronal plasticity in the hippocampus and other related brain regions. Previous studies have shown that neuronal plasticity is largely dependent on synchronized activity in neural circuits. As proposed by Hebb (1949) , repetitive correlated excitation of presynaptic and postsynaptic neurons may strengthen their synaptic connections. Indeed, it has been found in various brain areas that artificially eliciting correlated presynaptic and postsynaptic activity can induce long-term synaptic plasticity (Bliss & Collingridge, 1993; Nicoll & Malenka, 1995; Katz & Shatz, 1996; Magee & Johnston, 1997; Markram et al. 1997; Bi & Poo, 1998) . It is now widely accepted that correlated activity-induced synaptic modifications may represent a cellular model for learning and memory storage (Bliss & Collingridge, 1993; Malenka & Nicoll, 1999; Dan & Poo, 2004; Granger & Nicoll, 2014) .
On the other hand, experimental observations of network activity in vivo have suggested that hippocampal memory processing may involve learning-induced changes of neuronal synchronization (Seidenbecher et al. 2003; Narayanan et al. 2007; Colgin, 2011; Krishnan & Lyons, 2015) . As demonstrated by large-scale EEG recordings performed during hippocampus-dependent memory formation, task learning can increase the synchronization of gamma activity between the rhinal cortex and the hippocampus (Fell et al. 2001; Axmacher et al. 2006) , as well as theta and gamma synchronization in widespread neocortical areas (Sederberg et al. 2003; Osipova et al. 2006) . During hippocampal sharp-wave ripple events, which are thought to reflect memory replay or consolidation, transient gamma synchronization across hippocampal CA3 and CA1 networks has been observed in both awake and quiescent states (Carr et al. 2012) . Manipulating neuronal synchronization has also been found to be able to change learning ability. With hippocampal theta rhythms disrupted by blocking neuronal gap junctions, hippocampus-dependent emotional memory was found to be severely impaired (Bissiere et al. 2011) . Inducing slow oscillation-like potential fields by transcranial application of oscillating potentials during early non-rapid-eye-movement sleep has been found to be able to enhance the retention of hippocampus-dependent declarative memories, as observed in both humans (Marshall et al. 2006) and rodents (Binder et al. 2014a, b) .
Although learning-induced synchronized activity is proposed to underlie hippocampal memory storage, detailed knowledge is needed for a full understanding of neuronal synchronization-based plasticity for hippocampal memory function. In this study, we took advantage of paired whole-cell recording in vivo to investigate the possible change of neuronal synchronization induced by task learning in rat CA1 pyramidal cells (PCs). Shortly after an associative fear learning (day 1), we found that both membrane potential (MP) synchronization and spike synchronization of CA1 PCs were significantly increased, as compared with the results from naive and pseudo-conditioned animals. The increase of CA1 neuronal synchronization was transient and not seen in recordings obtained on day 5 after learning. Our findings demonstrate an associative learning-induced enhancement of MP synchronization as well as spike synchronization of CA1 PCs, which may contribute to the generation of neuronal plasticity in the hippocampus and other related regions for initial memory storage and consolidation.
Methods

Ethical approval
All animal procedures were performed in accordance with the Animal Care and Use Committee of East China Normal University. Animals were commercially purchased (Shanghai Laboratory Animal Center, CAS, Shanghai, China). After electrophysiological recording, animals were killed by I.P. injection of pentobarbital.
In vivo whole-cell recording
Sprague-Dawley rats (male, 280-380 g) aged 10-14 weeks were used. Recordings were performed as described in detail previously (Shang et al. 2011; Wang et al. 2016) . Animals were initially anaesthetized with pentobarbital (80 mg kg −1 ; I.P.) (for recordings on day 1 from conditioned/pseudo-conditioned animals, the initial anaesthesia was conducted ß25 h after conditioning/pseudo-conditioning). After tracheotomy, the head was restrained in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA) with the body temperature maintained at 37.3-37.8°C via a heating blanket. For electrophysiological recording, a small craniotomy (2-3 mm diameter) was made above the right cortex (from Bregma: 3.5-5.5 mm posterior and 2.5-3.5 mm lateral), and the dura mater was removed with a tungsten needle (with the cortex remaining intact; as illustrated in Fig. 1A ).
Recordings (in a dark background; <2 cd m −2 ) were performed within 3-10 h (with the time randomly distributed) after initial anaesthesia (the recording times were evenly distributed for different groups of recordings), and were obtained at a light anaesthesia level just below the threshold of animal movements that consisted of licking or scratching (the anaesthesia level was constantly maintained with supplementary injections 
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In te r n e u r o n P C Figure 1 . In vivo perforated whole-cell recording on CA1 PCs A, photograph showing the location of craniotomy and placement of two pipettes for paired whole-cell recording in CA1. B, stereotaxic coordinates that are mapped on the atlas (Paxinos and Watson, 1997) for all recordings shown in this study. C, a neurobiotin-filled CA1 PC (stained by conventional whole-cell recording of pentobarbital, 16-20 mg kg −1 h −1 , 2-4 h after initial anaesthesia). Patch pipettes with a tip opening of 3.0-3.5 μm were pulled from borosilicate glass tubing (Kimble Glass Inc., Vineland, NJ, USA), which had a resistance of 1.6-2.0 M . For perforated whole-cell recordings, internal solution contained (in mM) 136.5 potassium luconate, 17.5 KCl, 9.0 NaCl, 1.0 MgCl 2 , 10.0 Hepes, 0.2 EGTA and amphotericin B (0.5 mg ml −1 ), and small amounts (0.5-0.8 mg ml −1 ) of glass beads (5-15 μm in diameter; Polysciences, Inc., Warminster, PA, USA) were included for the availability of the precipitate-free solution in pipette tips (Wang et al. 2016) . Conventional whole-cell recording by including 0.5-1% neurobiotin in the internal solution (without amphotericin B and glass beads) was used for histological staining. The pH of the internal solution was adjusted to 7.3. A positive pressure (250-350 mbar) was constantly applied to the back of the recording pipette while it was advanced in the brain with motor-driven manipulators (Siskiyou MMX7630, Siskiyou Corp., Grants Pass, OR, USA) at a speed of 15-30 μm s −1 (for paired recording, two pipettes -with an angle of ß12 deg between them and a 0.2-0.3 mm horizontal distance between their tip openings -were simultaneously advanced at the same speed; axis position of pipette tips was monitored with digital readout, Siskiyou DR 1000). Signals were acquired with patch-clamp amplifiers (Axopatch 200B, Axon Instruments, Union City, CA, USA) and sampled at 5 kHz by a data acquisition card (Digidata 1440, Axon Instruments), with 2 or 5 kHz low-pass filtering.
To determine that the recordings were made in CA1 pyramidal layers, we assessed the stereotaxic coordinates of the recording sites, which are shown on the brain atlas for all recordings (Fig. 1B) . The recording sites in CA1 pyramidal layers were also indicated by the depth (120-220 μm) beneath the boundary between the cortex and hippocampus (as illustrated in Fig. 1C) , where a sudden jump of electrical signals could be detected by monitoring pipette resistance. In our recordings, ß5% of whole-cell patched CA1 neurons were putative interneurons, as determined on the basis of their physiological characteristics previously reported (Freund & Buzsaki, 1996) , such as large spike afterhyperpolarization (Fig. 1D 1 ) , short duration action potentials (Fig. 1D 2 ) and the lack of complex-spike bursts (Fig. 1D 3 ) , as compared with those we observed in putative PCs. The putative interneurons were not considered for data analysis or further recording in this study. In the putative PCs (ß95% of whole-cell patched neurons), histological staining was also performed in some experiments, with neuronal morphology of PCs observed in all stained cells (n = 5; an example cell shown in Fig. 1C) .
Liquid junction potentials (-13 mV) were corrected in this study. The neurons selected for analysis had a resting potential ranging from -68 to -78 mV (-72.7 ± 3.5 mV, mean ± SD) and a firing threshold (from resting potentials) of 9.2 ± 1.7 mV (mean ± SD) (see Fig. 8D for the results of different groups of recordings). The membrane resistance was 60 ± 17 M (mean ± SD); the series resistance (not compensated for during recording) was 48 ± 11 M .
Trace fear conditioning
Before animals were placed in conditioning or test cages, the training apparatus and the floor were cleaned with 15% ethanol. Animals were habituated to the room and conditioning cage (square) and handled for three consecutive days. For task learning, they were placed in the conditioning cage for approximately 5 min and then exposed to 10 trace-conditioning trials. Each trial consisted of the flash conditioned stimulus (CS; whole-field; 0.1 s in duration; luminance, 180-190 cd m −2 ) on the dark background (2-4 cd m −2 ), a 0.9 s stimulus-free period, and then an electric-shock unconditioned stimulus (US; 2 s; 0.8 mA); the inter-trial-interval was 30 s. Pseudo-conditioning consisted of 10 trials of paired CS/US stimulation but in a reverse order (CS presented 0.9 s after termination of the US). After conditioning/pseudo-conditioning, animals were returned to their home cages. Fear responses were indicated by freezing values [defined as no movement except for breathing, which were measured by an automated motion-detection system (Freezeframe, Coulbourn Instruments, Whitehall, PA, USA)]. Contextual fear memory was tested for 3 min after animals were placed in the conditioning cage. Cued fear memory was tested 2-3 min after animals moved ad libitum in a new cage (circular), and the data (freezing) acquired within 0-1 min before and within 0-2 min after CS presentation (during which the freezing level and its increase remained constant) were selected for analysis.
Histological analysis
The brain was immediately removed after animals were perfusion fixed with 4% paraformaldehyde (PFA) in 0.1 M PBS. The brain with CA1 neurons stained by neurobiotin was further fixed in PFA for 12 h at 4°C and then cut into 100 μm thick slices with a vibratome (Vibratome 3000, Vibratome Corp.). Slices were then incubated in 0.3% H 2 O 2 for 30 min, followed by 1 h of treatment with 0.3-0.5% Triton X-100 (Sigma, St Louis, MO, USA), and then 5 h of incubation in PBS containing an avidin-biotinylated horseradish peroxidase complex (1:100; Vectastain ABC Elite kit) with 0.3% Triton X-100. The reaction was visualized with Tris-buffered saline containing 0.06% diaminobenzidine (DAB), 0.03% H 2 O 2 and 0.08% NiCl. The brain with electrolytic legions in the dorsal hippocampus was fixed in PFA for 2 days at 4°C and then gradient dehydrated with 20 and 30% sucrose solutions. Slices 50 μm thick were cut with a cryostat (Leica CM1850, Leica, Wetzlar, Germany) and stained with cresyl violet staining solutions for 5-6 min.
Statistics
Neuronal activity recorded within 5-20 min after initial formation of perforated whole-cell recording, during which access resistance was stable (Wang et al. 2016) , was used for analysis. For cross-correlation analysis, a 1 min period of recordings was randomly selected, and cross-correlograms were calculated using the Clampfit 10 program (Axon Instruments). In our analysis, similar cross-correlation values were observed in the measurements across various time segments. A 5 ms bin was used for calculating cross-correlograms between spike activities. For spike-and subthreshold event (STE; defined as subthreshold depolarization with peak amplitudes >35% of the firing threshold measured in the same neuron)-triggered analysis of MP changes, a 2-3 min period of recordings was randomly selected. The times of trigger events were detected with the Clampfit 10 program, and raw traces in the simultaneously recorded neuron that were time-locked to trigger events were taken for analysis. An event-triggered average was computed for both cells in a given neuronal pair, and the result from the cell with larger MP changes (as time-locked to trigger events of the other cell) was included for further analysis. Unless otherwise stated, Student's t test was used to assess statistical significance, and error bars indicate SEM.
Results
Synchronization of spontaneous activity in vivo in CA1 regions assessed by paired whole-cell recording
Perforated whole-cell recording with amphotericin B was used in this study to monitor CA1 neuronal activity in vivo. Due to the existence of precipitate in the amphotericin B-containing solution, we added a small amount of glass beads (5-15 μm in diameter) in the internal solution, as described previously (Shang et al. 2011; Wang et al. 2016) . After filling such solution in the recording pipette, air puff was applied to push one or several glass beads to the pipette tip, which was able to prevent the precipitate in the internal solution entering the tip opening (the pipette resistance was increased from 1.6-2.0 M to 3.5-4.0 M in our experiments).
Using the recording pipette with glass beads in tips (a high positive pressure of 250-350 mbar applied to the back of pipettes was required before targeting the cell, due to the existence of glass beads in tips), we made perforated whole-cell recording on CA1 PCs of the dorsal hippocampus in anaesthetized rats (as illustrated in Figs 1C and 2 ). MP and spike-rate changes were measured at resting potentials (in current-clamp mode without applying holding currents). In the absence of sensory stimulation, we observed robust MP fluctuations as well as single spiking and complex burst spiking that occurred spontaneously in CA1 PCs (see Fig. 2A for example recordings), which is consistent with previous reports with in vivo intracellular recording Chorev & Brecht, 2012 ) and whole-cell recording (Harvey et al. 2009; Epsztein et al. 2011; Grienberger et al. 2014) .
Then, paired perforated whole-cell recording was made on CA1 PCs (in the right hemisphere; 0.2-0.3 mm horizontal distance between two recording sites; see Fig. 1A ) to investigate the synchronization of spontaneous CA1 activity. We first found in naive (untrained) rats that there was a low level of MP synchronization and spike synchronization between CA1 PCs, as illustrated in Fig. 2B by an example neuronal pair (a summary of the data from naive rats is shown below). Cued memory and contextual memory after associative fear learning We investigated whether hippocampal task learning can alter the synchronization of CA1 neuronal activity. Prior to electrophysiological experiments, we trained rats in a trace fear-conditioning task, a form of hippocampus-dependent associative learning (Sweatt, 2003; Shors, 2004) . During conditioning, a flash visual stimulus was used as the CS, which was paired with an electric shock (US) (with 10 CS/US pairings delivered; see Methods). In our observations, nearly all (ß90%) conditioned rats were able to memorize the CS-US association and exhibited fear (freezing) responses to the flash CS, and the fear responses could be observed 3 weeks after learning but not in pseudo-conditioned rats ( Fig. 3A ; data were measured in a new cage that was apparently different from that for conditioning/pseudo-conditioning; see Methods). However, this task learning resulted in weak contextual fear memory, as indicated by the slight increase of the freezing values that were measured in the conditioning cage on day 1 after learning ( Fig. 3B ; data from an independent group of rats), possibly because animals were trained in a dark background (see Methods).
In an unpublished study (Y. Wang and colleagues; manuscript submitted), we made electrolytic lesions in the dorsal hippocampus prior to task learning and detected no significant fear responses to the flash CS after the same conditioning, indicating that this task learning was hippocampus-dependent.
Learning-induced enhancement of MP synchronization between CA1 PCs
We then performed paired whole-cell recording after conditioning (as described in Fig. 2B for the experiments in naive animals) to assess learning-related CA1 neuronal synchronization. We first found that in the data obtained on day 1 after learning, MP synchronization of CA1 PCs was significantly increased. In Fig. 4A -C, we show the raw traces of representative neuronal pairs that were recorded from naive, pseudo-conditioned (on day 1) and conditioned (day 1) rats, respectively. Cross-correlograms between MP changes were computed to evaluate MP synchronization (a 1 min period of recordings was randomly selected for this analysis; see Methods). The cross-correlograms of the example neuronal pairs (in Fig. 4A-C) are displayed in Fig. 4E , and the summarized results are displayed in Fig. 5 , in which significantly higher peak cross-correlation values were observed in data obtained on day 1 after learning (n = 10), as compared with those from naive (n = 13, P = 0.003) and pseudo-conditioned (n = 9, P < 0.001) rats.
We further found that the learning-induced enhancement of MP synchronization was of a transient nature. In paired CA1 recordings obtained on day 5 after learning (n = 9; from an independent group of rats), peak cross-correlation values between MP changes declined to the level seen in naive rats, as shown in Fig. 4D and E by two example neuronal pairs and in Fig. 5 by the summarized results (P = 0.68 and 0.04 versus the data from the naive group and on day 1 after learning, respectively).
Next, we assessed event-triggered MP changes across paired recordings to further evaluate learning-induced enhancement of MP synchronization. Spike-triggered analysis was first performed in the above paired recordings (as summarized in Fig. 5 ), in which MP changes of a cell that were time-locked to the firing time of the simultaneously recorded cell were assessed (as illustrated in Fear responses after conditioning A, freezing values before and after flash-CS presentation, which were measured in a new cage that was different from that for conditioning (naive, n = 22; conditioned, n = 8, 7 and 7 for day 1, day 5 and week 3, respectively; pseudo-conditioned, n = 9). B, contextual fear responses in the conditioning cage (n = 10; measured in another group of conditioned rats). Freezing measurement before conditioning was conducted after three consecutive days of handling procedures for conditioning (see Methods), and then in the same group of animals, freezing values were measured on day 1 after conditioning. * * * P < 0.001; * P < 0.05; n.s., not significant.
larger amplitude of spike-triggered MP changes in the paired recordings obtained on day 1 but not day 5 after learning, as shown in Fig. 6B by the results measured for spike-triggered average MP changes (as illustrated in Fig. 6A 2 ) for different groups of experiments. In further measurements of the amplitudes of individual spike-triggered MP changes in raw traces, we found a larger fraction of suprathreshold MP depolarization in the data obtained on day 1 after conditioning, and in these data no significant change was observed in the fraction of a given range of subthreshold amplitudes (see Fig. 6C for the probability distributions of individual MP amplitudes). We also assessed STE-triggered MP changes across paired recordings (as illustrated in Fig. 7A 1 and A 2 ). STEs were selected based on the criterion that the subthreshold MP depolarization had a peak amplitude exceeding 35% of the firing threshold of the same cell. In the STEs selected from different groups of experiments, there was no overall difference in peak amplitudes (Fig. 7B) MP changes of a cell that were time-locked to the peak time of STEs of the simultaneously recorded cell) detected a significantly larger MP change in the paired recordings obtained on day 1, but not day 5, after conditioning. This can be seen in the amplitudes measured by STE-triggered average of MP changes (Fig. 7C) as well as the probability distributions of individual MP amplitudes measured in raw traces (Fig. 7D 1 and D 2 ) in which a larger fraction of suprathreshold MP depolarization and relatively large (e.g. >4.0 mV) subthreshold MP depolarization were observed. The findings by spikeand STE-triggered analysis provided further evidence for a transient enhancement of MP synchronization after task learning, and further indicated an involvement of MP changes with large amplitudes in the enhanced synchronization.
Learning-induced enhancement of spike synchronization between CA1 PCs
In addition to MP synchronization, we also found that spike synchronization was enhanced after learning. In the CA1 neuronal pairs recorded on day 1 after conditioning (data shown above), significantly higher cross-correlations were observed between spike activity, as compared with the data from naive (P = 0.01) and pseudo-conditioned (P = 0.02) rats (see Fig. 8A for the cross-correlograms of example recordings and Fig. 8B and C for the summary). Consistent with the MP synchronization, the enhancement of spike synchronization was transient and could not be observed in the recordings obtained on day 5 after learning (see Fig. 8A -C; P = 0.96 and 0.017 versus the results from naive rats and on day 1 after learning, respectively).
We further investigated whether there were some intrinsic changes in neuronal excitability that were likely to contribute to the learning-induced enhancement of spike synchronization. In the recordings achieved on day 1 after conditioning, we found that the firing threshold (from resting potentials) was significantly decreased from 9.8 ± 0.3 mV (mean ± SEM; naive group) to 8.0 ± 0.3 mV (P < 0.001) (the results of all groups of experiments are shown in Fig. 8D ), which was accompanied by an increase of the frequency of spontaneous firing ( Fig. 8E ; naive versus day 1, P = 0.01). The rise time (20-80% of firing threshold) of the MP depolarization eliciting spikes was also significantly decreased from 21.1 ± 1.8 ms (mean ± SEM; naive group) to 16.3 ± 0.8 ms (day 1) (P = 0.02; Fig. 8F ). The observed changes in intrinsic excitability of CA1 neurons could possibly serve as a part of mechanisms for the learning-induced enhancement of spike synchronization (see Discussion). A, cross-correlograms between MP changes for all individual neuronal pairs (thin grey curves) obtained from naive rats (n = 13), on day 1 from pseudo-conditioned rats (n = 9), and on day 1 (n = 10) and day 5 (n = 9) from conditioned rats, and averaged cross-correlograms (thick black curves) for each group of recordings. Dashed lines indicate time 0. Significantly higher peak cross-correlation values compared with naive and pseudo-conditioned groups can be seen on day 1, but not day 5, after learning. B, summary of the peak values of cross-correlations for the data shown in A. There was no overlap in animals used for different groups of recordings. Error bars indicate SEM; each dot represents a neuronal pair. * * * P < 0.001; * * P < 0.01; n.s., not significant. A 1 , MP changes of one cell (Cell 2; shadowed areas, which are displayed with different scales) that were time-locked to the firing time of the other cell (arrows for Cell 1; for spike burst, the first spike was considered) were taken from the raw traces. A 2 , spike-triggered average of MP changes (for Cell 2; arrow, spike time of Cell 1). B, summary of spike-triggered average of MP changes across paired recordings (as shown in A 2 ). In a given neuronal pair, a 2-3 min recording (which consisted of >150 trigger events, i.e. >150 raw MP traces on average) was randomly selected for analysis (see Methods). The spike-triggered average of MP changes was then computed for both cells, and the result from the cell showing larger MP changes (as time-locked to the spike of the other cell) was included for the summary. Left, MP amplitudes measured by spike-triggered average; right, MP changes further averaged across all neuronal pairs of each group of experiments (conducted from the results of spike-triggered average on individual recordings; with time aligned to the peak time of MP changes). C, for the MP changes with their amplitudes by spike-triggered average shown in (B, left), probability distributions plotted for all individual amplitudes (from resting potentials) measured from raw traces (at firing time of the other cell, as illustrated in A 1 ). Distributions were first measured from individual cells, and then averaged across population data for each group of recordings (suprathreshold ones are grouped together; for subthreshold ones, error bars are omitted). RP, resting potential.
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Discussion
Using paired whole-cell recording in anaesthetized adult rats, we found that associative fear conditioning resulted in a significant enhancement of MP synchronization and spike synchronization of CA1 PCs. This enhancement lasted for a short period, and in our experiments was observed on day 1 but not on day 5 after learning. The observed increase of CA1 neuronal synchronization may be used by the hippocampus to generate neuronal plasticity for initial memory storage and consolidation. After associative fear conditioning, we found a significantly higher CA1 neuronal synchronization that was associated with initial memory storage. Although our recordings were performed under anaesthesia, this finding can reflect the existence of some forms of learning-induced neuronal plasticity (in the hippocampus and/or other related brain regions; as discussed below) for synchronizing CA1 network activity. Under normal conditions (in awake and sleeping animals), such plastic changes may also exert a similar effect on the synchronization of CA1 activity, but possibly in a brain state-dependent manner.
It has been reported that associative learning can change the intrinsic excitability of both CA1 PCs and interneurons (Disterhoft et al. 1986; McKay et al. 2013) . This form of CA1 modification, particularly the changed excitability of interneurons, could be involved in synchronizing CA1 neuronal activity we observed after learning. It has been shown that in a local network, interneurons make widespread synaptic arborizations on principal cells as well as other interneurons via both chemical and electrical synapses (Freund & Buzsaki, 1996; Fukuda & Kosaka, 2000; Tamas et al. 2000) and are thought to be capable of coordinating network activity (Mann & Paulsen, 2007; Allen & Monyer, 2015; Roux & Buzsaki, 2015) . It has also been demonstrated in hippocampal slices that a single CA1 interneuron can synchronize the activity of large amounts of CA1 PCs, via the interaction of GABA A receptor-mediated postsynaptic activity with intrinsic oscillatory mechanisms in PCs (Cobb et al. 1995) . Based on these previous reports, we speculate that the enhancement of CA1 neuronal synchronization we observed during initial memory storage might be accounted for by learning-induced changes of CA1 neuronal excitability, particularly in interneurons.
In addition, we suggest that the enhanced CA1 neuronal synchronization might result from various forms of neuronal plasticity, including some unknown plastic changes induced in CA1 as well as in its upstream regions (e.g. CA3 and entorhinal cortex; Amaral & Lavenex, 2006) .
Although we do not know much of the plasticity underlying the learning-induced enhancement of CA1 synchronization, the findings of this study indicate some potential CA1 mechanisms for the enhanced spike synchronization (as observed on day 1 after conditioning), which possibly involved the observed increase of MP synchronization, the decrease of firing threshold (Fig. 8D) particularly on the basis of the increased MP synchronization, and the decrease of rise times of suprathreshold MP changes ( Fig. 8F; A and B, cross-correlograms calculated for spike activity (5 ms bins) of example recordings (A; two neuronal pairs for each group) that were obtained from naive rats, on day 1 from pseudo-conditioned rats, and on day 1 and day 5 from conditioned rats, and cross-correlograms averaged from all neuronal pairs for each group of recordings (B; shadows, ± SEM). C, summary of the peak values of cross-correlations for spike synchronization. D-F, firing threshold (from resting potentials, measured from raw traces), spontaneous firing rates and rise times (20-80% of the firing threshold in a given cell; measured from the trace by spike-triggered average of MP changes of the same cell) for all groups of recordings. Measurements were made from all the cells of the paired recordings as shown in B and C. J Physiol 595.15 rise time could result in more reliable firing). The increase of spontaneous firing rates (Fig. 8E) was also likely to result in more synchronized spikes. A newly acquired memory is temporarily stored in the hippocampus before it is transformed to other brain areas for permanent memory storage (Alvarez & Squire, 1994; Milner et al. 1998; McGaugh, 2000; Sweatt, 2003) . Consistently, we observed a transient enhancement of CA1 neuronal synchronization during initial memory storage, which was seen in the experiments conducted on day 1 but not day 5 after learning. The transiently enhanced CA1 synchronization may be used by the hippocampus to generate neuronal plasticity (as discussed below) for transforming a newly acquired memory to permanent memory storage sites, via a process called memory consolidation. However, when the enhanced CA1 synchronization disappears, it does not necessarily mean that the hippocampus was no longer involved in memory consolidation. Other forms of neuronal plasticity induced by task learning in CA1 regions, such as the reported changes of intrinsic neuronal excitability (Disterhoft et al. 1986; McKay et al. 2013 ) and dendritic spine density (Leuner et al. 2003) , as well as in extra-CA1 regions, for example newly generated granule cells in the dentate gyrus (Drapeau et al. 2003; Shors, 2004) , might possibly be involved in existing memory consolidation when the enhanced CA1 synchronization disappeared.
Neuronal plasticity accounting for learning and memory storage is thought to be largely dependent on synchronized activity in neural networks. As proposed by Hebb (1949) , repetitive correlated excitation of presynaptic and postsynaptic neurons may strengthen their synaptic connections. In agreement with this, a large number of experimental studies carried out on various parts of the nervous system have found that producing correlated presynaptic spiking and postsynaptic depolarization (Bliss & Collingridge, 1993; Nicoll & Malenka, 1995; Malenka & Nicoll, 1999; Granger & Nicoll, 2014) or producing correlated presynaptic and postsynaptic spiking (Magee & Johnston, 1997; Markram et al. 1997; Bi & Poo, 1998; Dan & Poo, 2004) can induce long-term synaptic plasticity including both long-term potentiation (LTP) and depression (LTD). It has also been found that the direction of synaptic modifications (LTP or LTD) depends on the magnitude of postsynaptic depolarization (Bliss & Collingridge, 1993; Nicoll & Malenka, 1995; Malenka & Nicoll, 1999; Granger & Nicoll, 2014) or the timing between presynaptic and postsynaptic spiking (Magee & Johnston, 1997; Markram et al. 1997; Bi & Poo, 1998; Dan & Poo, 2004 ) (known as spike timing-dependent plasticity, STDP; Dan & Poo, 2004) . Given the importance of synchronized activity for synaptic plasticity, the increased CA1 neuronal synchronization we observed shortly after learning may play an important role in the induction of synaptic plasticity (in the hippocampus and other related brain areas) that is associated with initial memory storage and consolidation. For example, on the basis of synchronized MP changes (postsynaptic activity as described above), repetitive activity at a presynaptic input (from CA1, particularly interneurons, as well as from CA3 and entorhinal cortex) is likely to be more capable of inducing synaptic modifications in a large proportion of innervated CA1 PCs, and different PCs are more likely to undergo the same direction of synaptic modifications (LTP or LTD). On the other hand, the synchronized spike activity of CA1 PCs is likely to coordinate the network activity in downstream regions (e.g. in entorhinal cortex), and thereby contribute to the generation of neuronal plasticity in these regions for permanent memory storage. However, the exact role of the learning-induced enhancement of CA1 neuronal synchronization in hippocampal memory function requires further investigation.
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